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Measuring the severity of dynamic hyperinflation is a useful clinical approach to assess the ef-
fect of therapeutic interventions and explain their impact on exercise tolerance. Dynamic hy-
perinflation is typically quantified by the change in end expiratory lung volume from rest to the
end of exercise. The result may be inconsistent with disease severity and does not clearly
explain how exercise tolerance improves with therapy. Using a re-examination of selected
studies, we suggest an operational definition of dynamic hyperinflation using the slope derived
from serial measures of inspiratory capacity expressed as a linear function of ventilation that
clearly differentiates whether therapies affect static or dynamic hyperinflation or affect lung
volume only as a consequence of reducing ventilation. With this approach, the magnitude of
the result is consistent with disease severity and is a more reliable outcome as it uses serial
measures rather than a single time point estimate. The therapies re-evaluated are breathing
helium or hyperoxic gas mixtures, bronchodilation and exercise training. A clear definition
of dynamic hyperinflation will assist clinicians in assessing the impact of therapeutic interven-
tions.
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Measuring the presence and severity of dynamic hyperinfla-
tion (DH) is a useful clinical approach to assess the impact of
therapeutic interventions on exercise tolerance. Patients
with airflow obstruction and consequent gas trapping
breathe at high lung volumes (hyperinflation) which requires
a greater inspiratory effort to offset threshold and elastic
loads.1 During the increased ventilation in response to ex-
ercise, the operational lung volume dynamically increases
intensifying exertional dyspnea until it becomes disabling.
It is common practice to identify and quantify DH from
the maximum change in end expiratory lung volume (EELV).
However, the maximum change in EELV may be inconsistent
with the severity of the disease. Moreover, a second step of
determining the EELV measured at a single point such as
iso-time or iso-ventilation is often necessary to evaluate
the intervention under the same physiological condition.
Limiting the analysis to one data point diminishes the pre-
cision of the estimated effect.
Another approach is to use an operational definition of DH
as the slope of the regression of lung volume as a function of
ventilation.1e3 The idea that EELV is a function of ventilation
is one of the basic cornerstones of respiratory physiology and
has been known for a number of years.4,5 Using the slope of
this regression line has the advantage of: i) being consistent
with disease severity; ii) enabling both the qualification of
whether DH is present and the quantification of howmuch of
a change has occurred; iii) helps clinicians distinguish in-
terventions that reduce ventilation or resting lung volumes
from those that directly affect DH. Nevertheless, in the
absence of guidelines for standardization of ICmeasurement
and interpretation, DH summarized by a point estimate
prevails in the interpretation of research studies and the
directions given for analyzing clinical exercise tests.6
We have previously reported the use of the ‘slope
method’ to identify static (defined by the intercept) and
dynamic (defined by the slope) hyperinflation to show that
improved exercise performance after lung volume reduc-
tion surgery may be attributable to static (change in the
intercept) as well as dynamic (change in the slope) ef-
fects.7 In the present communication, we discuss the
measurement of DH using a re-examination of published
clinical examples such as breathing helium and hyperoxic
gas mixtures, bronchodilation and exercise training thatsupport using multiple data points to identify DH from a
regression of EELV against ventilation.Measuring dynamic hyperinflation
A sample recording of a patient’s breathing is shown in
Fig. 1. At rest inspiratory capacity (IC) was obtained by the
patient inspiring from EELV to total lung capacity (TLC). A
reduced inspiratory reserve volume (IRV) of 600 ml was
observed. During exercise, both tidal volume and EELV
increased thereby further reducing the IRV such that little
remained at end exercise. The operational lung volume
increased as ventilation increased during exercise.
Dynamic hyperinflation has typically been defined as an
increase in EELV derived from a single independent mea-
sure of IC, usually near the end of exercise.3 To compare
results between tests, investigators often endeavor to
qualify these findings based on a different point such as iso-
time or iso-ventilation. Defining DH as a single time-
dependent point estimate makes it difficult to compare
DH between tests in which exercise time or peak ventilation
might vary and measurements at iso-time are less precise.2
Hyperinflation during exercise is only time dependent
inasmuch as ventilation increases with time; otherwise, DH
is independent of time. For example, Weigt et al. noted
that if ventilation was increased and kept constant at a
higher level with metronome paced breathing, EELV
increased only while minute ventilation increased and did
not progress when ventilation was constant.8
Alternatively, in the slope method to assess DH, the
slope is derived from serial measures of IC expressed as a
linear function of ventilation.1e3 Ventilation is chosen as
the independent variable over other parameters such as
breathing frequency, as it represents the overall response
i.e. EELV depends on the components of frequency, tidal
volume and duty cycle.9 This method improves precision
because it is based upon multiple samples. It has the
advantage of not requiring the subject to reach the same
exercise time, power output or ventilation on each occa-
sion in order to assess the effect of an intervention or
disease progression.2 Another advantage is that it is
concordant with disease severity. For example, a patient
with mild COPD who exercises to 100% predicted power
during incremental exercise may increase ventilation from
Figure 1 Volume tracing from a patient with severe COPD who demonstrated ventilatory dependent DH. Inspiratory capacity (IC)
decreases and EELV increases as ventilation increases during exercise.
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3.0 to 2.3 L (D Z 700 ml), whereas a patient with severe
COPD who reaches only 40% predicted power may increase
ventilation from 15 to 35 L min1 accompanied by a linear
IC decline from 1.2 to 0.8 ml (D Z 400 ml). Looking at the
absolute decrement only, the decline in IC for the mild
patient is nearly twice that of the severe. However, looking
at the rate of loss of IC as a function of ventilation, the
decline in slope is twice as fast in the patient with severe
disease (20 ml of IC per L min1 of ventilation) compared
with mild disease (10 ml of IC per L min1 of ventilation).
Recently, investigators reported that there were similar
decreases in IC during exercise among 3 of 4 quartiles of
disease severity.10 However, our re-analysis of the data
using the slope to define dynamic hyperinflation revealed
significant differences among non-adjacent quartiles
consistent with disease severity.
Quantifying DH as a function of ventilation is valid and
reliable.2 The slope and intercept were different when
patients with COPD were compared with healthy controls.
The slope was also independent of whether the exercise
protocol was incremental or at a constant power. Data
from rest, exercise and recovery can all be used, thereby
improving the precision of the outcome. This method fa-
cilitates objective decision making with a negative, sta-
tistically significant, slope defining DH with 95%
confidence when p < 0.05. Examples of linear regression
from patients with severe and mild airflow obstruction are
provided in Fig. 2, with a negative and zero slope,
respectively.Figure 2 Serial IC measures as a function of ventilation in
mild (open circles) and severe (closed circles) COPD. Dynamic
hyperinflation is identified in the patient with severe disease
by a slope (solid line) less than zero (p < 0.05) in contrast to
the patient with mild disease (open circles) with a negative
slope (broken line) not different from zero (p Z 0.87).Effect of helium and hyperoxia on dynamic
hyperinflation
Helium lowers turbulence in the lungs to promote greater
laminar flow and therefore lowers airway resistance11;
hyperoxia lowers ventilation mainly by decreasing chemo-
receptor ventilatory drive.12 Eves et al.13 studied the
interaction of helium and hyperoxia on lung volume during
exercise in patients with COPD. Their published study(Fig. 3A) shows lung volume plotted against time. A
reconstruction with lung volume plotted as a function of
ventilation (Fig. 3B) clearly demonstrates that helium-
normoxia and helium-hyperoxia both affected DH but
nitrogen-normoxia (air) and nitrogen-hyperoxia did not.
Supplemental oxygen reduces ventilation but, as EELV does
not change at any given ventilation, one regression line fits
both non-helium, normoxic and hyperoxic nitrogen, condi-
tions. On the other hand, a different regression line fits
both helium, normoxic and hyperoxic, conditions. The end
inspiratory lung volume (EILV) is similar among all condi-
tions. Recent data from Hussain et al.14 has also shown that
helium reduced exercise DH i.e. improving the relationship
between lung volume and minute ventilation.
Figure 3 (A) Lung volume response during constant power
exercise is plotted versus time. EELV (solid symbols)was reduced
at isotime (9.5 min) with both normoxic (triangle) and hyperoxic
(diamond) helium mixtures as well as the hyperoxic (squares)
nitrogen based mixture compared to normoxic air (circle). EILV
(open symbols) was unchanged with any gas. Reprinted with
permission of the American Thoracic Society. Copyright ª 2013
American Thoracic Society. From Eves, N. D. et al. (2006). Am J
Respir Crit Care Med 174: 763e771. Official Journal of the
American Thoracic Society. (B) The same data as in panel A with
lung volume response during constant power exercise is plotted
versus ventilation. Heliummixtures (black symbols) reduced the
EELV (solid symbols) to ventilation slope (p< 0.05) compared to
EELV breathing the nitrogen based mixtures (gray symbols)
whichwas similar at any given ventilation and a single regression
line fits both non-helium conditions. EILV (open symbols) was
unchanged with any gas. Reconstructed from Eves, N. D. et al.
(2006). Am J Respir Crit Care Med 174: 763e771.
Figure 4 (A) The effect of ipratropium bromide on static
lung volumes. There is an upward parallel shift of the rela-
tionship between inspiratory capacity and ventilation from
prebronchodilator (open circles) to postbronchodilator (solid
circles) changing the intercept but not the slope. Recon-
structed from O’Donnell et al. (1998) Am J Respir Crit. (B)
Ventilatory responses to constant load cycle exercise for 50%
oxygen (squares) and bronchodilators (solid), alone and in
combination, compared with room air (circles) and placebo
(open). Reconstructed from Peters et al. (2006) Thorax 61:
559e67.
956 T.E. Dolmage et al.Effect of bronchodilators
Although ipratropium bromide was initially reported to
reduce DH during exercise,3 it was subsequently reported
as having no effect15 either during exercise or during
metronome paced hyperventilation. However, both studies
observed alterations in static lung volumes as a downward
parallel shift away from TLC, i.e. increased IC, in the lung
volume:ventilation relationship (Fig. 4A). In other words,bronchodilators changed the intercept (static hyperinfla-
tion) but not the slope (dynamic hyperinflation). In a sub-
sequent study, Peters et al.12 noted that bronchodilators
and hyperoxia during exercise affected breathing pattern
Figure 5 Ventilatory responses, including EELV (triangles up)
and EILV (triangles down), to constant load cycle exercise before
(open symbols) and after (closed symbols) exercise training as
(A) reconstructed from Puente-Maestu et al. (2006) Lung 184:
159e167 and (B) from Dolmage et al. (2008) Chest 133: 370e6.
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The alterations in breathing pattern with bronchodilators
reflected changes in the operating limits for volume
expansion during exercise whereas oxygen decreased
breathing frequency. A reconstruction of this data (Fig. 4B),
confirms the bronchodilator effect on static lung volumes,
resulting in a downward parallel shift of the lung vol-
ume:ventilation relationship, which was unaffected by
hyperoxia alone. Therefore, neither bronchodilators nor
oxygen, either alone or in combination, affect DH.Effect of exercise training on dynamic
hyperinflation
High intensity exercise training has been reported by
Porszaz and colleagues to reduce DH when assessed by a
single point measure of IC.16 However, from Tables 1 and
2 of Porszasz’s report,16 it would appear that the rate of
decline in IC as a function of ventilation was similar
before and after training. The most likely explanation for
the point change in IC is through a reduction in minute
ventilation for any given workload, without significant
direct changes to lung function. In the same year, Puente-
Maestu and colleagues17 reported that the decrease in DH
after exercise training was attributable to the impact of
training on breathing pattern. A plot of lung volume
against ventilation from the data provided in the paper
shows that exercise training had little effect on the slope
or the intercept (Fig. 5A). This observation was in keeping
with an analysis of 18 patients with COPD who underwent
exercise training at our institution in which the slope
method was used to determine the presence of DH.18
Following exercise training the endurance time
improved by an average of 7.9 min without any changes in
DH (Fig. 5B).
Assumptions and limitations
In this report, the re-analyzes of published studies were
conducted on mean values of previous studies and aver-
aging could conceal complicated functions. For example,
the sum of two sine waves 180 out of phase will equal a
straight line. However, the method we suggest is likely to
be the more precise, in comparison with using only a
single point, as it uses all available data. Bauerle et al.1
emphasized the highly significant linear relation be-
tween IC and ventilation and where non-linearity occurs it
is in the direction of accelerating the rate of DH as
ventilation increases. In the absence of DH, there is no
significant coefficient in the regression, linear or
quadratic.18
For clinicians, the linear function is the easiest to fit
and qualifying the fit with a coefficient (R or R2), is
familiar. In the event of a poor R2 the clinician only has to
look at the graph to confirm that the slope is near zero and
that the R2 is low because the EELV does not change or
because the function is curvilinear which might occur in
the very fit elderly19 and extremely well trained
athletes.20
Summary and conclusions
In summary, measuring DH from the slope of the regression
of lung volume as a function of ventilation has the advan-
tage over the ‘single point’ method of improved precision
by using multiple measurements during exercise. This
method is congruent with disease severity. Using this
approach, rather than a single point measurement,
hyperoxia and exercise training can be seen to alter oper-
ational lung volumes as a consequence of their effect on
ventilation at any given power but do not directly alter DH.
958 T.E. Dolmage et al.Interventions such as breathing helium and lung volume
reduction alter dynamic hyperinflation directly, whereas
bronchodilators alter only static hyperinflation. The stan-
dardization of the slope method of assessing DH from serial
IC measurements will provide clinicians with a better
insight as to the impact of a therapeutic intervention on
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